The study aims to assess the urban heat island (UHI) effects in the city under the present land use conditions as well as those conditions proposed by the Hanoi Master Plan 2030 through numerical simulation, using Weather Research and Forecasting (WRF). Furthermore, this paper assesses additional land use scenarios with different spatial and green space configurations. The results show that the implementation of the master plan does not significantly affect the peak air temperature in the built-up areas (approximately 1 °C higher at the maximum). However, high temperature areas, with temperature of 40-41 °C, would expand widely over the new built-up areas. On the other hand, the nocturnal air temperature would increase by up to 2-3 °C over the newly expanded built-up areas. The number of hotspots increased further when the strategic green spaces in the master plan were not taken into account. However, the cooling effect of the strategic green spaces did not
Introduction
The emerging economies in Southeast Asia are likely to see serious energy shortages, especially in terms of electricity, due to the recent economic growth. Most of the cities in this region have a hot and humid climate during the summer months, and the growing energy consumption caused by air-conditioning (AC) in buildings is, therefore, a major concern. Meanwhile, these cities are suspected of already experiencing urban heat islands (UHIs) as a result of rapid urbanization. Moreover, these cities tend to propose large-scale master plans and increase their urban population further. This would result in a dramatic change in land use and therefore the urban climate.
Increased urban temperatures have a significant impact on the energy consumption of buildings [1] . UHI negatively affects the indoor thermal environments during the summer months, and therefore encourages the occupants to use more AC to achieve their thermal comfort [2, 3] . This situation will be aggravated by increasing demand of AC, thus leads to the further growth of CO2 release [4] .
Various mitigation measures to minimize the impact of UHI have been proposed. Moriyama and Tanaka [5] divided the countermeasures for UHIs into two categories, which are those for the urban scale and for building scale, respectively. For the urban scale, the use of green spaces and cool sinks were suggested as the most effective techniques [2] . Maximizing the thermal benefits of the urban green spaces offers a solution for ameliorating the urban climate [6] [7] [8] [9] . For the building scale, it was reported that the use of cool materials not only can decrease the ambient temperature, but also improve the thermal comfort and decrease cooling loads in buildings [10, 11] . The cool materials are characterized by high solar reflectance and high infrared emittance. In addition to the traditional cool materials, the retroreflective materials, which have the ability to reflect the incident light back towards its source regardless of the direction of incidence, have recently been proposed [12] .
In Hanoi, Vietnam, a long-term urban development plan, namely the Hanoi Master Plan 2030, was implemented in 2011 with the aim to develop the city to be a sustainable capital [13] . One of the key concepts of the master plan is the environmental protection through maintaining the natural environment that results in a series of green networks in the city, consisting of the green belts and the green buffers. Though various environmental issues had been considered in the master plan (e.g., air quality, water pollution, and noise pollution), this assessment does not take into account the impacts of this development on the urban climate of the city in the future. Moreover, the impacts of the mentioned green network on mitigating UHI has not been assessed scientifically in the master plan.
Therefore, the specific objective of this study is to investigate the UHI effects in Hanoi under the present land use condition as well as those conditions proposed in the master plan, focusing on the cooling effect of the proposed green network in the master plan. Furthermore, the new configurations of green network are proposed and the resulting impacts on UHI are also assessed. Numerical simulation, specifically meso-scale urban climate modelling using Weather Research and Forecasting (WRF) is performed for this purpose.
The Hanoi Master Plan 2030
The study area, the Hanoi City, located in the northern part of Vietnam is the second largest city of the country. This capital city experiences a tropical monsoon climate with two key seasons which are the hot season (April-October) and cold season (November-March). The southeast monsoon wind prevails during the hot season. The maximum monthly average air temperature was observed in June, which was about 30 °C, while the minimum average value of about 16.5 °C recorded in January [13, 14] . The city covers an area of about 3300 km 2 . The city center is located in the delta area along the Red River, which is about 90 km inland from the coastal line [13] . The capital has become the important attraction for culture, education and economics. As the city grows, the Vietnam government officially implemented the Hanoi Master Plan 2030 in July 2011. In the master plan, the urban population of Hanoi is projected to increase from 6.4 million in 2010 to 9-9.2 million by 2030. The master plan is targeting to become the sustainable capital in the Asian region. In order to achieve that target, the master plan proposed a series of spatial development strategies for the capital city. One of them, as described before, is the environmental protection through the green network consisting of two major green spaces which are the green belts and the green buffers.
As a result, the proportion of green coverage in the master plan would account for about 52% of the total land of the city. Urban green area will reach 8% with the per capita public green area of 16 m 2 by 2030. The urban green spaces in the master plan are significantly improved. This development of green space indicates a necessity to develop the effective configuration of green space to overcome the negative impacts of UHIs caused by the dramatic expansion of the city. Figure 1 shows the land use changes before and after the implementation of the master plan. To meet the demands of expanding urban development, 28% of the natural land will be allocated for the urban construction land. In total, the constructed land will rise sharply by almost three times, from 46,340 ha (14%) to more than 129,500 ha (39%). 
Methodology

Weather Research and Forecasting (WRF)
Meteorological modelling is performed to obtain basic weather elements such as air temperature, humidity and surface wind, using WRF [15] . The present study used WRF version 3.5, known as the Advanced Research WRF (ARW), which was developed by the National Center for Atmospheric Research (NCAR). This numerical model is fully compressible and non-hydrostatic form of the governing equations with physical processes such as cumulus scheme, microphysics, planetary boundary layer (PBL) processes and atmospheric radiation processes, incorporated into a number of physics parameterizations. The model has been applied to urban climate [16, 17] and extreme weather studies [18, 19] . Various researchers have also applied WRF to UHI case studies for evaluating the effects of different land covers [8, 20] .
The WRF simulations in this study adopt an interactive grid nesting with four domains that have horizontal resolutions of 27, 9, 3 and 1 km for domains 1, 2, 3 and 4, respectively ( Figure 2a ). The domain 4 covers the whole administrative boundary of the Hanoi City ( Figure 2b ). The vertical layer was set to be up to 30 sigma levels. The initial and lateral boundary conditions were imposed using 6 hourly National Centers for Environmental Prediction (NCEP) Final Analysis (FNL) Operational Global Analysis data with 1° × 1° latitude-longitude resolution [21] . Parameters include surface pressure, sea level pressure, geopotential height, temperature, sea surface temperature, soil values, ice cover, relative humidity, u-and v-winds, vertical motion, vorticity and ozone. 
Simulation Scenarios
As described in the previous section, the Hanoi Master Plan 2030 proposed a large green network consisting of the green belts and the green buffers. The green belts are located inside the urban development area with the aim of improving the micro-climate condition, while the green buffers are the boundary space between the existing urban and expanded urban clusters [13] (see Figure 2b ). Both of those green spaces form a large and centralized green areas in the city. To study the effect of those proposed green network on the urban climate, a comparison is performed between the current condition (hereafter referred as U_CUR) and the master plan scenario (hereafter referred as U_HMP). Both of the proposed green spaces are considered in U_HMP. Furthermore, the effectiveness of the proposed green network was evaluated under a scenario when they are not taken into account and converted into the built-up area (hereafter referred to as U_NOGREEN). An UHI mitigation strategy with the improved configuration of green network is proposed (hereafter referred to as U_PARK). In this scenario, the same amount of strategic green areas in the master plan are redistributed to new locations, resulting in checkerboard-shaped medium-size green spaces (equally distributed green spaces). Moreover, the impacts of the vegetation type on the urban climate were also assessed. Instead of using the mixed shrub/grassland in the original master plan, the mixed forest was used as the vegetation cover for the urban green network in the master plan and the equally distributed green network, referred to as U_HMPFOREST and U_PARKFOREST, respectively. Figure 3 presents the spatial distribution of the green spaces for each scenario. 
Land Use Land Cover (LULC) Data
By default, the WRF set the land use categories from United States Geological Survey (USGS) 24-category data for computational processes. The default LULC data were used for domains 1 and 2. For domain 3, Global Land Cover by National Mapping Organization (GLCNMO) version 1 was used. These land cover data were developed by International Steering Committee for Global Mapping (ISCGM) in collaboration with Geospatial Information Authority of Japan (GSI), Chiba University and National Geospatial-Intelligence Agency (NGIA). The GLCNMO Version 1 is available in 30 arcseconds resolution (equivalent to 1 km). Furthermore, the data were validated using the training data from 40 countries. Therefore, these data are considered suitable for the domain 3.
The LULC for domain 4 in U_CUR and U_HMP were combined using Advanced Land Observation Satellite (ALOS) satellite image and the national digital map provided by Vietnam Institute of Urban and Rural Planning (VIUP). The national digital map only covers the land use within the Hanoi administrative area. In order to fill the remaining area, the land cover detected from ALOS AVNIR-2 satellite image was used. Then, the combined LULC map was remapped by extracting the land use data, from a 10 m resolution into 1 km resolution gridded data as the input data for WRF using ArcGIS ( Figure 3 ). The land use map of U_HMP was used as the base map for the U_NOGREEN, U_PARK, U_HMPFOREST and U_PARKFOREST. Then, the urban and green fraction in U_HMP were modified by assigning a particular value for each grid depending on the modified areas in each scenario. For instance, the U_NOGREEN does not consider the green network. Therefore, the land use fraction in the green network is set to be 0.8 and 0.2 for urban and vegetation, respectively. The same value is also assigned for the transformed built-up areas in U_PARK and U_PARKFOREST. While in U_HMPFOREST, the land use in the green network is converted into the mixed forest, with the land use fractions for the built-up and mixed forest are set to be 0.2 and 0.8, respectively. A summary with the basic information for each scenario is given in Table 1 . 
Model Validation
The simulation was conducted for one week from 00:00 UTC 13 to 00:00 UTC 20 June in 2010, which was the hottest period over the year 2000 to 2012. Subsequently, simulation results on 17 June of a typical sunny day is mainly analyzed in the following sections. Figure 4 presents the comparison of air temperature, wind speed and wind direction between the simulated and 3-hourly observation data at Lang station (21.02° N, 105.8° E) located in the Hanoi city center (see Figure 1a) . Both of the simulated air temperature (at 2 m above ground surface) and wind speed (at 10 m above ground surface) show good agreement with the observed values with a coefficient of determinant of 0.92 and 0.13, respectively. In addition, the wind rose at 10 m above the ground also show good agreement with the 3-hourly observational value (Figure 4c) . The simulation conditions are summarized in Table 2 . 
Results and Discussion
Urban Climate in Current and Master Plan Condition
Figures 5 and 6 present the spatial patterns of the simulated air temperature at 2 m above the ground surface and the winds at 10 m above the surface for U_CUR, U_HMP, U_NOGREEN and U_GREEN at 1:00 and 16:00 Local Standard Time (LST) on 17 June, respectively. This section compares U_CUR and U_HMP. At night, the highest air temperature is observed not in the city center but in the lee of western mountainous region in both scenarios ( Figure 5 ). This result is partly due to the effect of Foehn wind from Laos [22] . As shown in Figures 5 and 6 , westerly or south-westerly winds prevail most of the day in the western mountainous region. While these westerly winds pass over the mountain range situated near the border of the Hanoi region, the air gets drier and the temperature increases rapidly. These westerly winds flow over most parts of the simulated area during the daytime (9:00-17:00) and bring relatively hot and dry air to the city. In contrast, relatively cool south-easterly or southerly winds prevail over plain areas in the east of 105.65° E during the night-time (18:00-8:00) ( Figure 5 ). In U_CUR, the minimum nocturnal air temperatures in urban and suburban areas are recorded as approximately 31-32 °C, while the air temperature is approximately 32-33 °C in the lee of mountainous areas. The daily peak air temperatures were obtained in most parts of the city around 16:00 in both conditions (Figure 6a,b) . Although the peak air temperatures remain almost the same level even after implementing the master plan, the high air temperature areas of 40-41 °C expand widely over the planned built-up areas in U_HMP. At 1:00, the air temperature difference between U_CUR and U_HMP increases by up to 2-3 °C over the expanded built-up areas under the master plan condition. During the daytime, the increase in air temperature over the expanded built-up areas is not significant, which is up to 1 °C, compared to that in the night-time. 
Master Plan Condition and that without Green Network
In U_NOGREEN, the planned green network is turned into the built-up area. As expected, the high air temperature areas of 33-34 °C are enlarged over the expanded built-up areas at 1:00 (Figure 5c ), while the high air temperature areas of 40-41 °C are found over the same areas at 16:00 (Figure 6c ). The peak air temperature maintains almost at the same level as the current and master plan condition. However, the hot air temperature areas expand more widely compared to the U_HMP, corresponding to the expanded built-up areas and those transformed from the planned green spaces.
The cooling effect of the southerly winds are seen during the night-time over the region located in the east of 105.65° E. In this region, the southerly winds experience relatively low air temperature of 31-32 °C before entering the built-up area. From this point, the air temperature gradually increases towards the north, resulting in lower air temperature in the southern part of the built-up areas. Moreover, the absence of the green spaces negates the cooling source of the prevailing wind. This results in high air temperature in the built-up areas located in the north of the proposed green spaces where the southerly winds flow over.
Urban Climates under Different Configurations of Green Spaces
In general, the peak air temperature maintains almost at the same level as in the current and master plan condition both in the day and night-time for all configurations. However, the number of areas experiencing hot air temperature varies among the scenarios.
In U_PARK, the mixed shrub/grassland is used as the vegetation cover inside the green spaces that are equally distributed within the new expanded built-up areas. As seen in Figures 5d and 6d , the distribution of air temperature under the UHI mitigation strategy is different than that of U_HMP. The improvement of the urban green space in the built-up area located in the western mountainous region helps to relieve the occurrence of hot air temperature caused by the Foehn wind. Therefore, in U_PARK, the peak air temperature is only observed in the built-up areas located in the eastern region during the night-time. The discrepancy of air temperature between built-up area and the green spaces is up to 1 °C and it becomes more noticeable during the night-time.
Figures 5e and 6e show the air temperature and wind distribution in U_HMPFOREST. The results show very similar distribution of air temperature to those in U_HMP. In particular, the locations of area experiencing peak air temperature remain the same as in U_HMP even after changing the vegetation cover. However, the mixed forest in the proposed green spaces shows lower air temperature than the mixed shrub/grassland in the U_HMP. Consequently, these green spaces contribute to the lower air temperature at its surrounding built-up areas during the daytime, thus lead to the reduction in the number of area experiencing hot air temperature. The cooling effects of the mixed forest are also seen in U_PARKFOREST. At night, the distribution of air temperature produces similar patterns as those in U_PARK (Figure 5f ). However, the air temperature of the green spaces in U_PARKFOREST is lower by up to 2 °C than the surrounding built-up areas, resulting in more reductions of the hotspots compared to U_PARK. During the daytime, ameliorating effects of U_PARKFOREST on the urban climate becomes more noticeable, with large reduction of areas experiencing peak air temperature during the daytime (Figure 6f ).
Impacts of the Configuration of Green Spaces
Figures 7 and 8 show the spatial distribution of air temperature differences at 1:00 and 16:00 on 17 June between U_HMP and U_NOGREEN, U_HMPFOREST, U_PARK and U_PARKFOREST, respectively. Based on these figures, the cooling effect induced by the specific green space configuration in each scenario can be discussed.
Night-time air temperature spatial difference between U_HMP and U_NOGREEN shows an increase of over 2 °C inside the transformed built-up areas and up to 0.5 °C at their surrounding areas (Figure 7a) . Nevertheless, the cooling effect of the proposed green spaces do not reach the existing city center which is located by the Red River delta, because the proposed green belts are located about 4 km away from the city center.
In U_HMPFOREST, the largest nocturnal cooling occurs only within the green network itself, by up to -0.5 °C. The cooling effect of the green spaces are not observed in the surrounding built-up areas. In contrast, applying the mixed forest in the large green belt areas induces an increase in air temperature at particular locations in the built-up areas by up to 0.5 °C at night (Figure 7b ). This is because the surface fraction in the mixed forest slightly reduced the wind velocity (Figure 5e ). When the wind is not strong enough, the heated air is trapped within the urban heat islands.
In U_PARK, the existence of the green spaces and the relatively close distance between them produce a strong nocturnal cooling effect (Figure 7c ). The reduction in air temperature induced by the green spaces is evident at the built-up areas around it, with a cooling effect ranging from -0.5 to -1 °C at distances up to 1 km. Furthermore, U_PARKFOREST shows lower air temperature inside the green spaces by 0.5 °C, which is related to the cooling effect of the mixed forest (Figure 7d ). When the results are compared with U_PARK, more reductions in air temperature of up to 1 °C are seen over the surrounding built-up areas at night. The increase in air temperature at particular locations is mainly caused by the changes in the land use that is transformed into the built-up land. In the daytime, the removal of the green network in U_NOGREEN increases the air temperature at the surrounding built-up areas by up to 0.5 °C, while the maximum increase of 1 °C only occurs within the transformed built-up areas (Figure 8a ). The benefic impact of the mixed forest to the surrounding areas is seen when the winds are relatively strong (6-7 m/s) (see Figure 6e) , with the cooling effect of -0.5 °C within up to 1 km distance (Figure 8b ). The nocturnal thermal condition inside the built-up areas is improved due to the new configuration of the green spaces, and the daytime condition also shows a positive effect of the equally distributed green spaces and the mixed forest in U_PARK and U_PARKFOREST, respectively (Figure 8c,d) . Figure 9 shows the air temperature distribution over the built-up areas in U_HMP, U_PARK, U_HMPFOREST and U_PARKFOREST at 1:00 and 16:00 on 17 June 2010, respectively. As shown in Figure 9a , the nocturnal air temperatures in the built-up areas range from 30 to 34.5 °C, with the proportion of the area at specific temperature peaking at 33.5 °C. In U_PARK, the proportions of the area with the air temperature of 32.5-34 °C are reduced, while the proportions of the area with the lower air temperatures of 31-32 °C are increased. This air temperature shift indicates the reduction in hot air temperature areas after the green spaces are equally distributed within the city. In the daytime, the amount of areas with the air temperature of 39.5 °C is reduced and shifted down to the ranges of 38.5-39 °C, indicating the temperature reduction by 0.5-1 °C (Figure 9b ). The impact of the relocation of the green spaces on the reduction of UHI intensity remains greater in the night-time than that in daytime. Moreover, the greater reduction of hotspots is achieved in U_PARKFOREST. The combination between the equally distributed green spaces with mixed forest results in the reduction of hotspot areas by up to 56.5% in the night-time and 16.2% during the daytime. 
Conclusions
Based on the results of the numerical experiments, the main findings are summarized as follows:
1. In general, the daytime peak air temperature rises up to 40-41 °C over the built-up areas in the city center of Hanoi in the current condition. 2. The south-westerly or westerly winds are dominant in the daytime and bring hot and dry air to the city, likely due to the Foehn wind. The air temperature in Hanoi City is increased when these Foehn winds flow over the city during the daytime. In contrast, relatively strong and cool southerly winds prevail during the night-time and contribute to reduce the nocturnal air temperature in the city. Due to the discrepancy in terms of wind condition, heat islands appearing in the western built-up region of Hanoi are found to be more intense than in the city center at night. 3. If the LULC is changed according to the master plan, the daytime peak air temperature is predicted to remain at almost the same level as the current condition. However, the new hotspots would expand widely over the planned built-up areas. 4. In addition, the peak air temperature remains almost at the same level as in the current and master plan condition both in the day and night-time for all green space configurations. 5. The strategic green spaces would not sufficiently mitigate UHIs in the city because they are located far away from the city center. On the other hand, the equally distributed green areas show a better performance in the reduction of UHI intensity, especially at night. 6. The greater reduction of the hotspots during the daytime and night-time is achieved when the mixed forest is used as the vegetation cover in the equally distributed green network.
More quantitative assessment of the proposed UHI mitigation and related issues are needed. Further study on the thermal comfort and cooling load in buildings is necessary to better understand how the ameliorating effect of the improved green spaces affect the thermal condition in buildings. Since Hanoi experiences a hot and humid climate, it is important to deal with not only sensible heat but also latent heat in the indoor thermal comfort assessment.
